Preceding infection or inflammation such as bacterial meningitis has been associated with poor outcomes after stroke. Previously, we reported that intracorpus callosum microinjection of lipopolysaccharides (LPS) strongly accelerated the ischemia/reperfusionevoked brain tissue damage via recruiting inflammatory cells into the ischemic lesion. Simvastatin, 3-hydroxy-3-methylgultaryl (HMG)-CoA reductase inhibitor, has been shown to reduce inflammatory responses in vascular diseases. Thus, we investigated whether simvastatin could reduce the LPS-accelerated ischemic injury. Simvastatin (20 mg/kg) was orally administered to rats prior to cerebral ischemic insults (4 times at 72, 48, 25, and 1-h pre-ischemia). LPS was microinjected into rat corpus callosum 1 day before the ischemic injury. Treatment of simvastatin reduced the LPS-accelerated infarct size by 73%, and decreased the ischemia/reperfusion-induced expressions of pro-inflammatory mediators such as iNOS, COX-2 and IL-1β in LPS-injected rat brains. However, simvastatin did not reduce the infiltration of microglial/macrophageal cells into the LPS-pretreated brain lesion. In vitro migration assay also showed that simvastatin did not inhibit the monocyte chemoattractant protein-1-evoked migration of microglial/macrophageal cells. Instead, simvastatin inhibited the nuclear translocation of NF-κB, a key signaling event in expressions of various proinflammatory mediators, by decreasing the degradation of IκB. The present results indicate that simvastatin may be beneficial particularly to the accelerated cerebral ischemic injury under inflammatory or infectious conditions.
INTRODUCTION
Preceding infection or inflammation such as bacterial meningitis has been associated with poor outcome after cerebral ischemic insult (Emsley and Hopkins, 2008; Katchanov et al., 2010; Heikinheimo et al., 2013; Fugate et al., 2014) . Brain damage following cerebral ischemia/reperfusion is mediated by a cascade of diverse injury process and preceding infection or inflammation prior to cerebral ischemic insult may worsen the brain damage by affecting this cascade (Emsley and Tyrrell, 2002; Emsley and Hopkins, 2008) .
Lipopolysaccharide (LPS), a bacterial endotoxin, has been widely used to activate inflammatory cells in experimental models (Ji et al., 2007; Kang et al., 2012) . In our previous study, we successfully activated microglia/macrophages throughout the whole ipsilateral hemisphere by microinjecting LPS into rat corpus callosum (Lee et al., 2005) . In this experimental model, activated microglia/macrophages highly accelerated the brain tissue damage after middle cerebral artery occlusion (MCAO) followed by reperfusion (Lee et al., 2005) . Thus, LPS microinjection into corpus callosum may serve as a good experimental model for the study of the effect of preceding inflammation on the brain ischemic insult.
Statins, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) inhibitors, have been reported to present anti-inflammatory and immunomodulatory effect. Thus, Simvastatin treatment was reported to alter the release of cytokines and trophic factors including interleukin-1β, tumor necrosis factor-α, and brain derived neurotrophic factor and the phagocytotic activity of microglia (Churchward and Todd, 2014) . Statins have a variety of direct effects via blockade of GTPase isoprenylation on the gene expression and function
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Biomol Ther 23(6), 531-538 (2015) http://dx.doi.org/10.4062/biomolther.2015.124 of cells of both the innate and adaptive immune systems, including endothelial cells, macrophages, dendritic cells and T cells (Bu et al., 2011) . In addition, statins have protective effect in cerebral vessels and brain ischemia (Giannopoulos et al., 2012; Chróinín et al., 2013) . Patients who discontinued the use of statins had a significantly increased mortality during the first year after the acute cerebrovascular event (Colivicchi et al., 2007) . However, despite the anti-inflammatory activities of statins, little study has been done to investigate the usefulness of statins on cerebral ischemic injury with preceding infection or inflammatory conditions.
In the present study, therefore, we evaluated the protective effect of simvastatin on the evolution of LPS-accelerated cerebral ischemic brain damage via anti-inflammatory activities.
MATERIALS AND METHODS

Animals and drug treatment
Sprague-Dawley male rats, weighing between 260 and 270 g, were purchased from Charles River Laboratories (Seoul, Korea) and kept on a 12 h light/dark cycle with ad libitum access to food and water. Rats were acclimated to their environment for 5 d before use for experiments. All experimental procedures using animals were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Committee of Korea University College of Medicine. For simvastatin treatment, rats were treated with vehicle alone or simvastatin 20 mg/kg (Zocor, Merck and Co, Whitehouse Station, NJ, USA). Simvastatin was administrated orally 4 times at 72, 48, 25 and 1 h before the induction of the cerebral ischemic insult.
Intracorpus callosum microinjection of LPS and transient focal ischemia in rat
Rats were anesthetized with chloral hydrate (300 mg/kg, i.p.) and positioned in a small-animal stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). Microinjection of LPS (5 mg/5 ml; Escherichia coli serotype 055:B5; Sigma, St. Louis, MO) into the corpus callosum was performed, as described before (Lee et al., 2005) . One day later, focal cerebral ischemia was achieved by right-sided endovascular MCAO, as described before (Lee et al., 2005) . After 2 h of ischemia, the suture was pulled back and the animal was allowed to recover. A rectal temperature probe was introduced, and body temperature was maintained at 37°C with a heating pad during whole surgery period.
Physiological parameters
A left femoral artery was catheterized for continuous blood pressure monitoring and periodic blood sampling. Physiological values were measured 30 min before MCAO and 30 min after reperfusion. Mean arterial blood pressure (MABP) was monitored for 5 min using a DigiMed blood pressure analyzer (MicroMed, Louisville, KY, USA). Blood samples were taken to measure pH, PaO2, PaCO2 and blood glucose using an automatic pH/blood gas analyzer (Ciba Corning Diagnostics Corp., Medfield, MA, USA).
Measurement of infarct volume
Rats were anesthetized with chloral hydrate and decapitated at 3 h after MCAO. Rat brains were cut into coronal slices of 2 mm in thickness using a rat brain matrix (Ted Pella, Redding, CA, USA). Cerebral infarct volume was determined using 2% triphenyltetrazolium chloride (TTC, Sigma), as described before (Lee et al., 2005) . The total volume of infarction was determined by integrating six chosen sections and expressed as percentage of the total brain volume. Because post ischemic brain edema increases brain volume in the infarct area, the corrected infarct volumes were calculated to compensate for brain edema, as previously described (Li et al., 1997) . Thereafter, tissues were frozen, cut into 10 or 30 mm coronal sections on a cryostat (Leica 3050, Leica, Nussloch, Germany) and stored at -20°C. Some tissues were quickly stored at -70°C for RT-PCR and Western blot analyses.
Identification of microglia/macrophages
Microglia/macrophages were identified by staining with Griffonia simplicifolia isolectin B4 (isolectin B4). After blocking endogenous peroxidase with 0.3% hydrogen peroxide (H2O2) in 0.1 M phosphate buffer for 10 min, sections were incubated in 10% normal horse serum-supplemented 0.1 M phosphate buffered saline (PBS) for 30 min. Sections were then incubated overnight at 4°C with biotinylated isolectin B4 (diluted 1:100, Vector Laboratories, Burlingame, CA, USA) in PBS containing 0.3% triton X-100 and 2% normal horse serum. After washing three times with PBS for 10 min each, sections were incubated with peroxidase-conjugated streptavidin (diluted 1:200, Vector Laboratories) for 1-2 h at room temperature. Subsequently, sections were washed in PBS and then rinsed in 0.05 M TrisHCl buffer (pH 7.6). Isolectin B4-positive cells were visualized by 5 min of incubation in 0.05 M Tris-HCl buffer containing 0.02% diaminobenzidine and 0.0045% hydrogen peroxide at 37°C. Finally, sections were dehydrated, mounted by Canada balsam, and then analyzed under a bright-field microscope (Olympus BX 51, Olympus Co., Japan).
Immunohistochemistry
For immunohistochemistry, sections were treated with 0.3% hydrogen peroxide (H2O2) in PBS for 30 min, and then incubated in 10% normal horse serum-supplemented PBS for 30 min. Sections were next incubated overnight at room temperature with polyclonal antibodies directed against iNOS (diluted 1:1,000, Chemicon, Temecula, CA, USA), COX-2 (diluted 1:500; Pharmingen, San Diego, CA, USA), IL-1β (diluted 1:100; Biosource, Camarillo, CA, USA), or NF-κB p65 (diluted 1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) in PBS containing 0.3% triton X-100 and 1% normal horse serum. After washing three times with PBS for 10 min each, sections were incubated sequentially in biotinylated goat antirabbit IgG (Vector Laboratories) and peroxidase-conjugated streptavidin (Vector Laboratories), diluted 1:200 in the same solution as the primary antiserum. Between the incubations, the tissues were washed three times with PBS for 10 min each. Sections were visualized with 3,3-diaminobenzidine (0.5 mg/ ml) in 0.1 M Tris buffer and mounted by Canada balsam (Junsei Chemial Co., Japan). Stained sections were subsequently examined under a conventional light microscope (Olympus BX 51). For cell type identification of iNOS and NF-κB p65, sections were double-stained with polyclonal antibodies directed against iNOS or NF-κB p65 and a microglia-specific marker biotinylated isolectin B4 (diluted 1:50, Vector Laboratories). Immunoreactivity was visualized by using rhodamine-conjugated goat anti-rabbit IgG (diluted 1:50, Jackson ImmunoResearch www.biomolther.org Inc., West Grove, PA, USA), FITC-conjugated donkey antimouse IgG (diluted 1:50, Jackson ImmunoResearch Inc., for NeuN) and FITC-conjugated streptavidin (diluted 1:50, Jackson ImmunoResearch Inc., for isolectin B4). In order to verify the specificity of primary antibody, control sections were treated in the same manner with omission of the primary antibody. Stained sections were subsequently examined with a conventional epifluorescence microscope (Olympus BX 51).
Western blot analysis
Brain samples were homogenized in 50 mM Tris buffer containing 50 mM HEPES (pH 7.4), 0.1 mM EGTA (pH 8.0), 0.2% NP-40, 10 mM EDTA (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthvanadate, 1 mM PMSF, and 1 mM DTT. After centrifugation at 12,000×g, protein concentration in the supernatant was determined using the Micro BCA protein assay kit with bovine serum albumin as the standard (Pierce, Rockford, IL, USA). Aliquot containing 50 mg of total protein was boiled in loading buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue and 30% glycerol. Then, each aliquot was loaded onto a 10% or 12% polyacrylamide gel. After electrophoresis, the gels were transferred to nitrocellulose membranes (Schleicher and Schuell Bioscience, Inc., Riviera Beach, FL, USA). To reduce background staining, the filters were incubated with 5% non-fat dry milk in Tween 20 (0.1%)-containing TBS for 45 min, followed by incubation with primary antibodies directed against IκB (diluted 1:1,000; Santa Cruz Biotechnology Inc.), COX-2 (diluted 1:1,500; Pharmingen, San Diego, CA, USA) or IL-1β (diluted 1:1,000; Biosource, Camarillo, CA, USA), and then with ECL kit (Amersham, Piscataway, NJ, USA).
RT-PCR
Rats were sacrificed with chloral hydrate, and brains were removed and sliced into six 2 mm-thick coronal sections using a brain matrix. Total RNA was extracted from the third section of coronal sections using Trizol reagent according to the manufacturer's instructions (Sigma). The following primers were used for iNOS: forward; 5'-ACACAGCCTCAGAGTCCTTC-3' and reverse; 3'-GAACTGAGGGTACATGCTGG-5' which yielded products of 593 bp. PCR products were separated by electrophoresis through 1.2% agarose containing 0.5 mg/ml ethidium bromide and imaged using a BioDoc-IT imaging system (Bio-Rad, Hercules, CA, USA). Band intensities were determined using GS-710 calibrated imaging densitometer (BioRad). All signals were standardized against GAPDH mRNA signal, and results are expressed as each mRNA/GAPDH mRNA ratio.
Microglial cell culture and chemotaxis assay
Pure microglial cells were prepared by mild shaking (37°C, for 2 min at 200 r.p.m.) from primary mixed glial cell cultures. In brief, cerebral cortices of 1-2 days-old neonatal rats were triturated to single cells. They were then plated into poly-Dlysine (1 mg/ml) coated 75 cm 2 T-flask and maintained in MEM containing 10% fetal bovine serum (FBS). Microglia were detached from the flasks by mild shaking (37°C, for 2 min at 200 r.p.m.) and plated. After 6 h, microglia were replaced with serum-free MEM and then used for experiment after overnight.
A 48-well microchemotaxis chamber (Neuroprobe, Gaithersburg, MD, USA) was used to measure the migration of microglia or monocytes towards assay medium or the chemoattractant monocyte chemoattractant protein-1 (MCP-1, 20 ng/ ml). In bri ef, the upper and lower compartments of the chamber were separated by 8 mm polyvinylpyrrolidone-free filter. Microglia (1×10 5 cells/ml; 50 ml/wells) were added to the upper chamber and after 2 h of incubation period, non-migrating cells were gently scraped from the upper surface of the filter. Cells on the lower surface were fixed in methanol and stained with Diff Quik (Baxter, McGaw Park, IL, USA). The number of cells migrating to the underside of the filter was microscopically counted by an examiner blinded to the experimental condition.
Statistical analysis
Results are expressed as mean ± standard deviation (S.D.) or standard error of the mean (S.E.M.) and analyzed for statistical significance by using one-way ANOVA, followed by Scheffe's test for multiple comparisons. A p value<0.05 was considered significant.
RESULTS
Blockade of the LPS-accelerated ischemic injury by simvastatin
To induce infiltration/migration of inflammatory cells such as microglia and monocytes, LPS (5 mg/5 ml) was microinjected into rat corpus callosum 1 d before the ischemic insult. Pre-injection of LPS into corpus callosum did not result in the change of physiological parameters such as mean arterial pressure, pH, arterial partial CO2 and O2 pressures and blood glucose concentration (Table 1) . Also, physiological measures were not significantly different between saline-and simvastatin-treated groups. In line with our previous study (Lee et al., 2005) , injection of LPS 1 d prior to MCAO/reperfusion accelerated the ischemic injury (Fig. 1) . Thus, marked brain tissue damage was observed at 3 h after reperfusion. In comparison, little damage was obtained 3 h after MCAO/reperfusion in saline-injected rat brains. Treatment of rats with simvastatin markedly reduced the LPS-accelerated ischemic injury. Photo images of cresyl violet-stained brain slice showed that the cytoprotective effect of simvastatin on neuronal cells was markedly observed in both cortical and subcortical lesions (data not shown).
Inhibition of iNOS by simvastatin
We previously reported that increased iNOS expression played a crucial role in the LPS-accelerated ischemic injury (Lee et al., 2005) . Similarly, in the present study, RT-PCR and immunohistochemical studies showed that iNOS expression was intensely enhanced by MCAO/reperfusion in LPS pre-injected rats (Fig. 2) . iNOS immunoreactivity appeared in round-shaped cells as well as shrunken or triangular neurons surrounding the vessels throughout the infarct zone (Fig. 2B) . In saline-injected rat brains, however, iNOS immunoreactivity was much lower even after 2-h MCAO/3-h reperfusion (data not shown). Simvastatin strongly attenuated the iNOS immunoreactivity enhanced by MCAO/reperfusion in LPS preinjected rats (Fig. 2) .
Inhibition of COX-2 and IL-1β expression by simvastatin
We further investigated whether simvastatin decreased the expression of other proinflammatory mediators COX-2 and IL-1β. The expression of COX-2 (Fig. 3A) and IL-1β (data not shown) was largely induced, but blocked by simvastatin, in round-shaped cells in LPS-pretreated rat brains. Western blot analysis showed that the levels of COX-2 and IL-1β proteins were enhanced in LPS-microinjected rat brains and further more intensely increased by ischemia/reperfusion ( Fig. 3B  and C) . Simvastatin blocked the expression of COX-2 and IL-1β increased by MCAO/reperfusion in LPS-injected rats ( Fig.  3B and C) . 
No inhibition of infiltration or migration of isolectin B 4 -positive cells by simvastatin
We previously reported that LPS microinjection markedly recruited and activated isolectin B4-positive monocytes and microglia, of which NO production accelerated cerebral ischemic injury (Lee et al., 2005) . In the present study, however, we found that treatment with simvastatin did not interfere with the recruitment of isolectin B4 immuno-positive cells into the ischemic lesion of LPS-treated rat brain (Fig. 4) . In vitro chemotaxis assay also showed that simvastatin did not alter the MCP-1-induced migration of microglia (Fig. 4) . Similar results were also obtained using isolated peripheral monocytes (data not shown).
Blockade of NF-κB activity by simvastatin
In various cell types, NF-κB has been closely associated with the expression of iNOS, COX-2 and IL-1β (Tak and Firestein, 2001 ). Therefore, we further investigated whether those expressions inhibited by simvastatin were due to inhibition of NF-κB activity. Since the gel-mobility shift assay does not provide any information on the type of cells, we assessed the activity of NF-κB by using immunohistochemical techniques. NF-κB was found to be translocated into the nucleus after 2-h MCAO in LPS-microinjected rat brains (Fig. 5A, a, a') , and the immunoreactivity of NF-κB p65-subunit were co-localized with isolectin B4 immunoreactivity (Fig. 5A, c-e) . Treatment of rats with simvastatin inhibited the nuclear translocation of NF-κB (Fig. 5A, b, b' ). Western blot analyses showed that the level of IκB was significantly decreased by ischemia/reperfusion in LPS-microinjected rat brains (Fig. 5B ). Simvastatin reversed the decreased level of IκB to the control level (Fig. 5B) .
DISCUSSION
The present study clearly shows that simvastatin reduces ischemic brain damage in rats subjected to transient ischemic insult with preceding inflammatory responses. Microinjection of LPS into rat corpus callosum 1 day prior to MCAO/reperfusion accelerated cerebral ischemic injury, as previously reported (Lee et al., 2005; Kang et al., 2012) . Although some researchers report that LPS pretreatment 48 to 72 hours prior to MCAO reduces ischemic brain damage (Rosenzweig et al., 2004; Furuya et al., 2005; Vartanian et al., 2011) , the discrep- Fig. 3 . Inhibition of COX-2 and IL-1β expression by simvastatin. Rats were treated with simvastatin (Simva), saline or LPS, as described in ancy could be due to the timing of LPS administration and the method of its administration. While other researchers injected LPS through intraperitoneal (Rosenzweig et al., 2004) , intravenous (Furuya et al., 2005) or subcutaneous method (Vartanian et al., 2011) , we injected LPS into corpus callosum of brain. As previously reported (Lee et al., 2005; Kang et al., 2012) , intracorpus callosum injection of LPS recruited a large number of amoeboid cells throughout the entire ipsilateral hemisphere (Lee et al., 2005) . Although some of these amoeboid cells may be activated microglia, which are morphologically transformed to amoeboid form, most of them are thought to be macrophages/monocytes recruited from the periphery. The present study showed that simvastatin did not inhibit the infiltration/migration of microglia/monocytes into the ischemic lesion. Activated microglia/monocytes release various kinds of proinflammatory mediators such as NO, prostaglandins and IL-1β and modulate the degree of ischemic tissue damage. Previous reports evidenced that inhibition of iNOS, COX-2 and IL-1β expressions reduced the ischemic brain injury (Gong et al., 2014; Xia et al., 2015) . Our results showed that simvastatin could ameliorate LPS-accelerated ischemic brain injury at least in part through inhibition of iNOS, COX-2 and IL-1β expressions in activated microglia/monocytes. Simvastatin strongly decreased the expression of iNOS mRNA and proteins enhanced by ischemia in LPS-microinjected rat brains. The present study also showed that the expression of COX-2 was highly increased in LPS-injected rat brains, and further enhanced by ischemia. Simvastatin largely suppressed the enhanced expression of COX-2. Our present findings are supported by the previous reports showing that statins inhibit the expression of COX-2 in various cell types such as endothelial cells (Massaro et al., 2010) and human monocytic cell lines (Gómez-Hernández et al., 2006; Habib et al., 2007) . In the CNS, microglial cells have been reported as the main source of IL-1β in response to LPS (Facci et al., 2014) . Although the precise role of IL-1β in cerebral ischemic injury remains to be elucidated, the possible detrimental role of IL-1β in cerebral ischemic injury could be analogized by the reduction of infarct volume in animals treated with IL-1 receptor antagonists (Pradillo et al., 2012) .
Activation of NF-κB is well associated with up-regulation of iNOS, COX-2 and IL-1β (Tak and Firestein, 2001 ). In addition, suppression of NF-κB activation can reduce damage in stroke (Harari and Liao, 2010) . In resting microglia or macrophages, NF-κB is present in the cytoplasm as a complex with its inhibitory protein IκB, which blocks the translocation of NF-κB into nucleus. Stimulation by LPS induces the phosphorylation and subsequent degradation of IκB, leading to the release of NF-κB from NF-κB/IκB complexes (Griscavage et al., 1996) . NF-κB is then translocated into the nucleus where it regulates the transcription of various genes for inflammatory mediators (Pahl, 1999) . Wu et al. (Wu et al., 2013) reported that statins prevent the activation of NF-κB by inhibition of the IκB degradation. This report is concordant with our findings. Our present in vivo results demonstrated that simvastatin might reduce the iNOS, COX-2, IL-1β expression via inhibition of LPS-induced IκB degradation and resultant down-regulation of nuclear translocation of NF-κB.
In summary, simvastatin possesses anti-inflammatory activities including suppressed expression of iNOS, COX-2 and IL-1β. Furthermore, simvastatin inhibited the nuclear translocation of NF-κB by decreasing the degradation of IκB. Based on the present findings, simvastatin pretreatment may play a beneficial role in improving the prognosis and outcome of preceding infection-or inflammation-related stroke. Fig. 1 . Rat brain was exposed to MCAO for 2 h, and isolectin B 4 -positive cells were visualized. Microphotographs are representative from 8 independent experiments. (B) Chemotaxis assay. Microglia were treated with simvastatin (10 mM) for 3 d before and during chemotaxis assay. Cells were then added onto the upper chamber. Lower chambers contain bovine serum albumin (BSA, 1 mg/ml) as a control or MCP-1 (20 ng/ml). n=5. 
